A new software package is described for 2-Dimensional modelling of microwave heating. It is particularly suited to the high temperature heating of ceramics, where electrical and thermal properties are strongly dependent on temperature. The described program, x_tlm, runs under Xwindows, which allows a microwave cavity and its contents to be entered graphically and stored as a schematic diagram. The diagram is automatically converted into a mesh format for simulation using a topology independent Transmission Line Modelling formulation. Temperature dependencies of material properties are specified as polynomial functions of temperature. Surface heat loss by the radiation mechanism, which dominates at higher temperatures, is also introduced into the model.
INTRODUCTION
The increasing use of microwave heating in the processing of ceramics, such as drying, sintering and joining, has resulted in the need to characterise the relevant material properties, both electrical and thermal, over a wide range of temperatures. Likewise, in attempts at computer modelling the interaction of such materials with microwave energy, the strong temperature dependence of the electrical properties such as permittivity and loss factor, and thermal properties such as thermal conductivity and heat capacity should not be ignored [1] . There is also a requirement for a user-friendly method of entering the microwave cavity and its contents, which may have a complex shape, into the model. Thus it has become necessary to enhance existing software.
THEORY Transmission Line Modelling
Transmission line modelling (TLM) is an unconditionally stable time-domain modelling technique, based on the analogy between electrical networks and field networks using equivalent circuits [2] , and first developed into a modelling technique by Johns and Beurle in 1971 [3] . At the University of Nottingham, work has continued into electro-magnetic (e-m) and thermal problems, and more recently into the coupled electro-heat problem (Figure 1) , where both the evolution of the electric field inside a microwave cavity, and the subsequent temperature profile of a material placed inside, can be modelled using similar TLM algorithms running at two different time-scales [4] . The coupling is loose because the real time taken to achieve a stable field is of the order of nanoseconds, whereas the heating process takes place over a time period of many seconds, thus allowing the two processes to be executed sequentially. Unfortunately a feedback process also exists due to the temperature dependence of the electrical and thermal parameters. In particular, the loss factor for ceramics has been found to vary greatly as temperature is increased, which is also true to a lesser extent for the real permittivity and the thermal properties. Thus it is necessary to recalculate the field distribution after a certain change in temperature. Furthermore, heat loss from the material surface due to radiation is very significant at high temperatures (due to the T 4 dependence). Earlier work implemented a 2D mesh which modelled a rectangular microwave cavity, a single rectangular load of one type of material, and sources along one of the boundary edges. The e-m model was coupled to the thermal model only to the extent that power dissipation due to dielectric loss was used as the heat source for the thermal model. Heat loss was modelled as a lumped value subtracted from the heating source. The software has been redesigned and improved in several ways: • Hardware independence using X-windows on a UNIX platfrom • Schematic editor based on overlapping graphical objects • Multiple types of materials • Multiple independent sources and sinks along any boundary • Automatic compilation of schematic to a topology independent TLM model • Modelling of temperature dependent electrical and thermal parameters • Modelling of surface heat loss by a radiation mechanism • Interactive on-line graphing facility
The programming language chosen was standard (ANSI) C linked with an X-windows function library, which makes the software virtually hardware independent. In this work, the program was compiled and executed on a networked Sun workstation, using an IBM compatible personal computer as the X-terminal. X-windows functions can be accessed at various levels. At the lowest level is the Xlib library. Although it is possible to write programs using only Xlib function calls, it is usually better practice (and much easier) to use a toolkit, which makes calls to accomplish standard functions using Xlib. The basic toolkit is the Xt (X Intrinsics) toolkit. However, it is more usual to use a specialised toolkit (built over Xt and Xlib) which incorporates standard functions for buttons and menus etc., such as the proprietary toolkits Motif, OpenWindows and the GNU toolkit Libsx. Libsx was used in this work.
The software design, called x_tlm, is divided into 3 stages each with its associated window(s):
• Schematic capture -schematic drawing window • Electro-magnetic simulation -e-m 2D map window, e-m cross-section graphing window • Thermal simulation -thermal 2D map window, thermal cross-section graphing window In addition a main window is required when the program is first executed, to set up and coordinate the simulation and the other windows.
The schematic window was designed to allow the creation of schematic drawings of a microwave furnace and its contents, based on a set of objects; lines, rectangles, triangles and circles, to be drawn with a computer mouse. Colours are used to represent the different materials; cavity wall, cavity, magnetron sources and materials to be heated (loads). Electrical and thermal parameters, and e-m source/sink parameters are attached to each colour from external databases, as shown in Figure 2 . Temperature dependence is described for the properties PERMITTIVITY, LOSS_FACTOR, THERMAL_CONDUCTIVITY and HEAT_CAPACITY as polynomial expressions, the first value denoting the order itself, followed by up to 4 coefficents. The final schematic consisting of the overlapping objects is super-imposed on to a computational mesh using a multiple pass compilation procedure, in preparation for simulation. The most important feature of the TLM node array after compilation is that it is linear, with each node having knowledge of its own neighbours in the mesh, making the simulation topology independent. The compilation procedure automatically converts the 2D schematic picture (after grabbing it into a 2D pixel array) into its 1D node description in a series of passes as follows: 1. Choose mesh interval and assign a node index number to each grid square. Only cavity and load squares are assigned a unique node number (starting with zero). All other grid square are assigned an index number of -1. 2. Around each source line in the schematic, search for nearby boundary grid squares. Any square near enough to the line is assigned a negative index, unique to the source. Thus, all boundary grid squares near Source 0 are given the index -2, squares near Source 1 are given the index -3, and so on. 3. For each grid square with non-negative index, assign four neighbourhood index numbers, (denoted n1, n2, n3 and n4), one for each port. A neighbourhood index will be positive if the port is connected to the port of another node in the node array, otherwise it will be negative. 4. Find load thermal surfaces. If a port is the boundary between any load node and a cavity node, or between any load node and a port with a negative index (boundary or source), that port is designated as a thermal surface, and will lose heat by radiation. Each node is given a surface value which depends on how many ports are thermal surfaces. Simulation Once a design is compiled, the coupled TLM algorithm is executed incorporating a set of simulation options and parameters which are combined with the material and source information described earlier. Some options define how information is displayed to the user during simulation. The other parameters define the time steps for the different parts of a simulation run. A typical coupled microwave heating simulation proceeds as follows: 1. Run the e-m simulation for a number of time-steps until the field is stable. 2. Run the thermal simulation for one time-step 3. Update temperature dependent parameters using the polynomial descriptions 4. Run the e-m simulation until stable again. This may take less time than step 1. 5. Repeat steps 2-4 for as long as the thermal simulation is to run.
The e-m time-step is given by,
where ∆l is the mesh spacing and c is the velocity of light. Since the stability of the e-m simulation is dependent on many factors, the program allows the user to decide how many time-steps to allocate to each part of the e-m simulation, before running, thus ensuring maximum flexibility. All time parameters are specified as the integer exponent of a power of 2 in the interests of computational efficiency. The thermal model is not started until 2 thermal_start e-m time-steps have elapsed, corresponding to step 1 above. After this, the thermal model is run for one thermal timestep after every 2 thermal_update e-m time-steps (step 4 above). The temperature increment ∆T due to absorbed e-m power is calculated for each node every n = 2 em_power e-m time-steps using,
which is an approximation to the integral, summed over n samples. This increment is used as the source term in the TLM thermal model. em V t is the total node voltage in the TLM e-m model, which is analogous to the instantaneous electric field E. The constant K is found to be,
where ∆t th is the specified thermal time-step and ∆l is the inter-node distance as before. Material properties are the thermal conductivity K t , specific heat capacity C p and density ρ, all of which depend on the type of material and G =ε′′ε 0 ω∆l is the TLM shunt conductance of the node, where ε′′ is the dielectric loss factor, ε 0 is the electrical permittivity of free space, and ω is the angular frequency of the source. Thus K will in general be different for each node and will always be zero for materials with a zero loss factor.
Software Verification
A verification procedure was devised to check the correct operation of the schematic entry of a design and its simulation in a microwave heating experiment as follows:
• Frequency Ratio -The ratio of the free space wavelength λ 0 to the wavelength λ m in a material of relative real permittivity ε′ should be √ε′.
• Voltage Standing Wave Ratio (VSWR) -The ratio of the maximum and minimum values of the wave envelope in the cavity should also be equal to √ε′.
• Skin Depth δ -In a material with ε′′≠0, the amplitude of the field is reduced to a fraction 1/e in distance δ, determined from δ=(x 1 -x 2 )/log e (E 1 /E 2 ), where E 1 is the field at distance x 1 into the load, and E 2 is the attenuated field at a distance x 2 . The measured value may then be compared to the theoretical value, 2/ω√{2µε 0 ε′(√{[ε′′/ε′] 2 +1}-1)}.
• Energy conservation in the thermal model -The equilibrium temperature T of a perfectly insulated material of area A 1 +A 2 initially with the area A 1 at temperature T 1 and area A 2 at temperature T 2 is equal to (A 1 T 1 +A 2 T 2 )/( A 1 +A 2 ), which can be compared to the simulated value.
• Radiative heat loss -Rate of change of temperature due to surface radiation can be compared to theory using the diffusion equation and black-body radiation law. This can be carried out by setting each node in the thermal model to the same initial value above ambient temperature, and examining the time evolution of the temperature profile as the thermal simulation progresses.
• Energy conservation in coupling -The electrical power of a TLM source incident on to a free space cavity is given by P 1 =E 2 rms /Z 0 per unit length of source, where Z 0 is the impedence. Power absorbed by the load is P 2 =ρC p ∆T/∆t per unit area where ∆T is the change in temperature in time ∆t. If the load is insulated so there is no radiation loss, P 1 should be equal to P 2 .
RESULTS
The EM model was tested using rectangular cavity and a load of 50x50 nodes with a mesh spacing of 0.0025m, divided in half, with air on the left and dielectric with ε′=9 on the right. A source of 2.45GHz was selected, with amplitude 10000V/m and reflection coefficient -1, running along the left hand wall. The right hand wall was defined as a sink with zero reflection coefficient. Initially ε′′ was set to zero in both the cavity and the load, so that no heating occurred. Figure 3 shows examples of x_tlm windows used during verification. Reading clockwise, these are the schematic window showing the design, the 2D e-m map, a horizontal cross-section at the centre of the cavity, and finally a thermal map of the dielectric which had had its top left node initialised at four times the ambient temperature of 300K, shown as it approached equilibrium. The difference in wavelength in the cavity and load can clearly be seen. The cavity wavelength was measured as λ 0 = 0.1225m, to the closest mesh point, confirming the frequency c/λ 0 as 2.449GHz. Wavelength in the dielectric λ m , measured by averaging peak-topeak distances, was found to be 0.0408. This gave λ 0 /λ m =3.00=√ε′ as required. The amplitude of the e-m field in the cavity varied between two extremes, which yielded a VSWR of 3.00, as predicted by theory. Skin depth δ was verified by changing the loss factor in the load to a nonzero value. Using ε′′=2.5 the theoretical skin depth is 0.04721, whereas the value measured from data dumped from the simulation was 0.046, an error of less than 3%. A graph of the RMS e-m field inside the cavity showed the familiar exponential decay. The measured average equilibrium temperature was found to be 300.41, close to the theoretical value of 300.36 expected for a single node initialised at 1200K. The second experiment was carried out with a circular load (not shown) which was initialised with all nodes at four times the ambient temperature, this time using the radiative loss mechanism with an emissivity equal to 1. The temperature profile was close to that expected from theory. The final equilibrium temperature was then measured for the same load but without radiative loss, heated from 300K for 15 minutes of thermal model time in order to verify the coupling mechanism, which also behaved as expected. 
CONCLUSIONS
New software for implementing the coupled electromagnetic and thermal 2-Dimensional TLM model for microwave heating has been designed, tested and verified. The graphical user interface was simple to use, allowing designs to be entered quickly. Interactive display of 2D map and x or y cross-section graphs enabled the progress of the simulation to be monitored easily. The inclusion of polynomial expressions for electrical and thermal material parameters provides the means to model load materials in a more sophisticated manner. Likewise the radiation model for surface cooling provides a more realistic heat loss mechanism for the heating process.
